Abstract: We present a design method for a directional coupler-type polarization beam splitter (PBS) for ultrabroadband operation based on a genetic algorithm (GA). The PBS is discretized into short sections, with the geometric parameters of each section optimized using a GA. For PBSs with an operating wavelength range λ = 1400-1650 nm, the insertion losses are less than 0.14 and 0.58 dB, and the maximum crosstalk is −20.6 and −16.2 dB for the TE and TM modes, respectively. We also analyze the fabrication tolerance in this study.
Introduction
Silicon-on-insulator (SOI) platform has become one of the most promising candidates for integration in photonic integrated circuits (PICs) owing to the availability of high-quality SOI wafers and compatibility with the well-developed CMOS technology [1] , [2] . In addition, the high index contrast between silicon and silica allows for optical confinement within hundreds of nanometers so that a bending radius as small as a few microns with low bending loss can be achieved [1] , [2] . However, the induced high polarization dependence of silicon strip waveguides limits their applications for optical communications and interconnects [3] . One way to address this issue is to use a polarization beam splitter (PBS) in a PIC so that incident optical signals with different polarization states can be managed separately. A simple way to design a PBS is to use a conventional dual-channel directional coupler (DC) that consists of two identical optically coupled waveguides. Based on the coupled mode theory (CMT), the normalized optical power exhibits a sinusoidal response as a function of the coupling length [4] . However, the coupling coefficient is highly sensitive to wavelength, and complete power transfer occurs only at a specific wavelength for a specific polarization mode. Thus, the operating bandwidth for a conventional DC-type PBS is strictly limited.
Studies have shown that the bandwidth of a PBS can be increased by using a wide variety of waveguide structures such as asymmetric or bent DCs [5] - [13] , multimode interference structures [14] , [15] , Mach-Zehnder interferometers [16] , plasmonic waveguides [14] , [17] - [20] , and subwavelength gratings [15] , [21] . Among them, DC-type PBSs are promising candidates owing to the simplicity of design and fabrication [22] . Studies have shown that the introduction of structural asymmetry can effectively overcome the inherently limited operating bandwidth for a conventional DC-type PBS. Asymmetric propagation constants of coupled waveguides can be achieved by either using straight waveguides with different waveguide widths [5] - [7] or bending structures with different bending radii [8] - [13] . In this manner, the operating bandwidth can be increased up to 135 nm (crosstalk of −20 dB) [12] .
For a commonly used single-mode SOI strip waveguide with its width 1.5 to 2.5 times larger than the height (typically 220 nm), the coupling coefficient for the TM-mode is generally several times larger than that for the TE-mode owing to the waveguide geometry. If the coupling coefficient for the TE mode is negligible compared with the one for the TM mode for the DC-type PBS, zero and complete optical power transfers are expected for the TE and TM modes, respectively [5] - [13] . Typically, the minimum crosstalk occurs at a specific wavelength while the undesired crosstalk increases when the wavelength deviates for the TM modes whereas the crosstalk simply increases with the wavelength for the TE modes so that the operation bandwidth is limited. For the PBSs shown in previous papers, the low crosstalk over a wide spectral range that exceeds 200 nm using such a design approach has not been achieved because that the coupling coefficients for both TE and TM modes are highly wavelength dependent.
To date, all of the design approaches for DC-type PBSs use specific functions to determine the device geometry to suppress the wavelength dependence for power coupling. The question whether the performance of a DC-type PBS can be further improved over a wideband when more degrees of freedom are enabled for the design (i.e., to change the form of the spectral response) of the waveguide geometry can be the topic of subsequent studies.
The optimization problems for optical waveguide device design can be solved by the wavefront matching (WFM) method [23] and genetic algorithm (GA) [24] . The WFM is based on the beam propagation method (BPM) to calculate the forward and backward propagation fields and an iteration equation to adjust the refractive index distribution in the discretized device volume to minimize the difference between the forward and backward propagation fields so as to achieve the design goal. In the GA, the refractive index distribution in the device can be either discretized or any other mathematical form that allows the designer to reduce the complexity of the optimization problem. Our previous work presented a design method for broadband optical waveguide couplers for arbitrary coupling ratios for one polarization state on an SOI platform [24] . The coupling region is segmented into short sections and the geometric parameters are optimized using a GA. We believe that the same design concept can be applied to DC-type PBS as well to further increase the operating bandwidth. In general, GAs are highly effective in handling a problem with a high dimensional variable space for which the problem solving is time-consuming using the exhaustive method [25] . In the last decade, GAs have been widely used for the optimization of optical waveguide devices. Examples are spot size converters [26] , couplers [24] , tapers [27] , polarization converters [28] , sensors [29] , and filters [30] . In this study, we present a design of broadband DC-type PBSs optimized using a GA for the operating wavelength range λ = 1400-1650 nm. Lookup tables for the propagation constant and coupling coefficient as functions of geometric parameters and the wavelength are constructed so that the spectral response of the PBS using the CMT analysis can be obtained in a compact transfer matrix form during the optimization process without a sophisticated numerical simulation. The optimal design is further verified using a 3D finite-difference time-domain (3D-FDTD) simulation and the result agrees well with the CMT. Fig. 1(a) shows the schematic diagram of a PBS, which consists of two optically coupled SOI strip waveguides, namely, WG0 and WG1. Light is launched into the Input port and ideally the TE and TM modes exit from the Bar and Cross ports, respectively. Due to the limitation of wafer preparation, the waveguide height is kept constant at 220 nm and the thickness of SiO 2 dielectric layer is 2 μm. Since the SiO 2 dielectric layer is optically thick, the effect of the silicon substrate under the SiO 2 layer in the following simulation models can be neglected. Fig. 1(b) shows the x-z cross-sectional view of the PBS. The PBS containing the fan-in and fan-out regions and the coupling region is segmented into N discrete trapezoidal sections where the coupling coefficient κ is negligible at all the input/output ports. The position of the ith joint on the z-axis is labeled z i . The geometry in the coupling region is described by three variables as functions of z, namely, w 0 (z), w 1 (z), and G(z). w 0 (z) and w 1 (z) are the widths of WG0 and WG1, respectively, and G(z) is the gap between WG0 and WG1. β 0 (z) and β 1 (z) are the corresponding propagation constants for waveguide widths equal to w 0 (z) and w 1 (z).
PBS Properties

CMT in Transfer Matrix Form
Studies have shown that the optical response of the device can be solved numerically by the FDTD method [11] , [31] , beam envelope method [24] , finite element method (FEM) [30] , [32] . However, all of these methods involve meshing techniques to approximate the geometry, which may be timeconsuming, especially for 3D calculations. Consequently, it may be difficult to solve an optimization problem with a high-dimensional variable space in a reasonable time with limited computational resources. Therefore, a compact mathematical expression that is sufficiently accurate to express the model without involving any mesh generations is needed. Fortunately, an optically coupled model can be accurately analyzed by the CMT in terms of mode amplitude under some conditions, where the CMT can be expressed in the form of coupled first-order differential equations. Consider an optically coupled device shown in Fig. 1(a) . The mode amplitudes of WG0 and WG1 denoted as A 0 and A 1 , respectively, should satisfy the coupled mode equations:
In (1), β 0 and β 1 are the propagation constants for WG0 and WG1, respectively, and κ is the coupling coefficient. Here, we introduce three variables to facilitate the expression of the solution form. These are the average propagation constantβ, β, and generalized coupling coefficient ψ,
X is a function of z, X k is the same as X (z k ), where X can be A 0 , A 1 , κ,β, β, and ψ. Supposeβ, β, and ψ are constants within the section from z = d to z = d + z. The solution has the following form [4] :
If each segment between two joints including two trapezoids is staircase-approximated by a series of short parallel DCs with lengths of z, and the total number of short DCs is M, (2) becomes
The subscript k denotes the kth rectangle, and thus the output matrix S N can be simply evaluated by multiplying the transfer matrices S N = (
]. Note that calculation errors may arise with the staircase approximation because the propagation direction may deviate from the z-axis in the trapezoidal segments and scattering loss may occur. Therefore, a rigorous FDTD simulation is required to reflect the exact characteristics of a PBS and to verify that errors using the CMT calculation are acceptable.
Lookup Tables
The output response of the PBS can be calculated in a simple way. However, the variables used in the solution form including β, κ, and ψ should be obtained before using the transfer matrices. As given in [24] , all of the variables are obtained by solving the eigenvalue problems for single or coupled waveguides based on the FEM. In this manner, κ and ψ are more accurate compared to the ones calculated by the overlap integrals of the mode profiles where errors may be more pronounced for a stronger coupling regime [33] . Based on the supermode theory, ψ can be determined by solving the propagation constants of the even mode, β e , and odd mode, β o , for coupled waveguides, where ψ = (β e -β o )/2 [4] .
As shown in (2), the average propagation constantβ only induces identical phase terms for both A 0 and A 1 without influencing the output response. To facilitate further calculations, we choose the central waveguide widthw to be 390 nm. The relation between w 0 and w 1 is w 1 = 2w − w 0 . Therefore, w 1 is known once w 0 is determined, and vice versa. In this manner, one can reduce the number of variables for waveguide widths by half. By taking the material dispersion relation of Si [34] and SiO 2 [35] into account, the lookup tables of β and κ(λ, G) for TE and TM modes are shown in Fig. 2 . Based on the lookup table, one can obtain the values of all variables in (2) as functions of β and κ by interpolation, and the spectral response for both polarizations can be calculated using the transfer matrices. As shown, TM modes have a much larger κ compared with TE modes with the same G. Therefore, the objective of optimization is that all of the incident power is coupled to the Bar and Cross ports for the TE and TM modes, respectively. Note that the exact κ should be κ(λ, w 0 , w 1 , G), and it may be cumbersome to build a four-dimensional lookup table. For simplicity, an approximation is made that κ (λ, w 0 , w 1 , G ) ∼ = κ(λ,w,w, G ) = κ(λ, G ) . Therefore, the dimension of the lookup table reduces from four to two [24] . Fig. 3 shows the schematic of the parameters and variables for a PBS used in a GA. The waveguide widths at the ends of all the input/output ports of the PBS arew and the gaps between WG0 and WG1 is G c , respectively. Note thatw and G c are pre-determined before the optimization process, and the coupling coefficients are negligible when the gap equals G c . The coupling region in blue with a total length L is discretized into N trapezoidal sections with lengths equal to Z, where 
Optimization Based on GA
In a GA, a fitness function (F ) is required to evaluate the performance of an individual. Since we are designing a PBS in which the TE and TM modes are, respectively, coupled to the Bar and Cross ports over a wide spectral range, the objective is to suppress the remaining power at the Cross port for the TE mode, P TE (λ) = |A 1 , TE (λ, L )| 2 , and that in the Bar port for the TM mode,
Consider a PBS shown in Fig. 3 Note that L = 48 μm is determined to ensure the accuracy of the CMT because abrupt variation for G and w 0 (w 1 ) along the z-direction is required for short L (e.g., L < 20 μm) such that the CMT may lose its accuracy. The width variation between the neighboring joints, |w 0,i +1 -w 0,i | and the deviation angle that results from the variation of G are restricted to 40 nm and 3.2 degrees, respectively, as referenced to the z-axis. Although the segmented taper structures along the z-direction increase the complexity for mask layout compared with straight channel waveguides, the device can be fabricated using a one-step lithography, which is identical to that for a simple straight channel waveguide. Once V is known, each trapezoidal section with length Z is approximated by twenty short rectangle sections with length z = 100 nm. All of the variables used in the CMT, including β and ψ for each rectangle over a wide spectral range, are obtained from the lookup table. Subsequently, the output response can be calculated by multiplying the transfer matrices.
The GA begins when the initial population emerges, which is 300 for each generation. One of the individuals is assigned as a conventional design that a complete power transfer for the TM mode occurs at the center wavelength 1525 nm, w 0,i = w 1,i =w for all i. The remaining 299 individuals among the initial population are randomly generated in the variable space. All of the individuals are evaluated according to (5) and the selection operator is used. The roulette wheel selection is used where the probability for an individual to be selected into the mating pool is inversely proportional to its F value. The selected individuals are the parents for the next generation that can generate their offspring using a crossover operator. In this study, a two-point crossover is used where two crossover points are randomly selected and the genes between them are swapped to get new Subsequently, a mutation operator may vary the genes of a small portion of the newly generated individuals, which allows a GA to escape from the local minimum and to search a better solution in a broader space.
The problem evolves toward better solutions and the evolution terminates after 654 generations. The exact values of G and w 0 for the optimal design are listed in Table 1 . The power output spectra for the initial (blue) and optimal (red) PBSs calculated using the CMT for the TE and TM modes, at the Cross and Bar ports for λ = 1400-1650 nm is shown in Fig. 4 . The maxima (P TE , P TM ) for the initial and optimal PBSs are (−8.1 dB, −0.06 dB) and (−20.6 dB, −15.0 dB), respectively.
3D-FDTD Simulations
The optimal solution can be obtained in a reasonable time using a GA because the spectral response of a PBS can be quickly calculated using the CMT. For a further verification, a rigorous 3D-FDTD electromagnetic simulation is carried out with the grid size that x × y × z is 10 × 10 × 20 nm 3 .
One can obtain broadband spectral responses using a Fourier transform after solving a time domain response at a specific incident wavelength. Fig. 5 shows the optical power distribution for initial and optimal PBSs for λ = 1400, 1525, and 1650 nm for the TE and TM modes. Generally, the result indicates a good agreement with the CMT calculations that the TE and TM modes are, respectively, coupled to the Bar and Cross ports for λ = 1400-1650 nm. Fig. 6 shows the output power for the TE and TM modes at the Cross and Bar ports. For optimal design, the maximum P TE and P TM are, respectively, −20.6 dB and −16.2 dB, which are equivalent to the extinction ratios of 20.5 dB and 15.7 dB for TE and TM modes, respectively, and the insertion loss is less than 0.14 dB and 0.58 dB for the worst cases of TE and TM modes, respectively. Note that the errors calculated using the CMT can be attributed to the approximation of κ, and it is assumed that the light propagation is lossless and the direction is all the way parallel to the z-axis in the CMT, which is slightly different from general cases. Table 2 shows the comparison of previously demonstrated DC-type PBSs on an SOI platform with regard to the bandwidth and insertion loss. As shown, the presented PBS in this work exhibits an ultrabroad bandwidth and a low insertion loss.
Fabrication Tolerance Analysis
As shown in Fig. 7 , the central positions of WG0 and WG1 in the x-axis are fixed. w is the fabrication error for waveguide widths that deviate from the ideal design. It is assumed constant along the z-direction and ranges from −10 to 10 nm. We take five points of w with uniform spacing where the spectral response for each case is calculated using a 3D-FDTD simulation. Fig. 8 shows the output powers of Bar and Cross ports versus w for both TE and TM modes, respectively, for λ = 1400-1650 nm. For the 250-nm-wide spectral ranges, the maximum (P TE , P TM ) are (−15.9, −15.1) dB, which are equivalent to the extinction ratios of 15.7 dB and 14.6 dB for TE and TM modes, respectively. Recall that the maximum (P TE , P TM ) for w = 0 is (−20.6, −16.2) dB. Note that the variation in gap depths is not considered. For the accessible foundry service, both the minimum line width and gap width are 150 nm. For the gap wider than 150 nm, the gap can be fully etched (220 nm in depth). In this case, the nearest gap of our design (around 182 nm) will not cause any variation of the gap depth, even with the fabrication error of ±10 nm for the gap width. 
Conclusions
We have proposed an optimization process to design an ultrabroadband PBS on an SOI platform using a GA. The TE and TM modes are respectively coupled to the Bar and Cross ports. By constructing a lookup table of β and κ for both TE and TM modes, one can easily obtain the spectral response of a PBS using the CMT in transfer matrix form. The CMT reduces the dimension of the original problem from three to one, which is effective in reducing the total computational time. The optimal design is further verified using a 3D-FDTD simulation and the result agrees well with that calculated by the CMT. For the optimized PBS with the operating wavelength in the range λ = 1400-1650 nm, the insertion losses are less than 0.14 dB and 0.58 dB and the maximum crosstalk is −20.6 and −16.2 dB for the TE and TM modes, respectively. The PBSs exhibit excellent performance, and we believe that our work will benefit the development of standard device library for opto-electronically integrated chips to comply with the optical interconnect standards on a silicon photonic platform.
